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Although many workers have investigated the maturation and processing of the flavivirus nonstructural glycoprotein NS1
in infected cells, these studies have provided little insight into a possible function for NS1. In this study we investigated
the subcellular localization of NS1 both by immunofluorescence and cryo-immuno electron microscopy of infected Vero
and C6/36 cells. NS1 was found to be tightly associated with intracellular membranes, in particular with vesicle packets
and large cytoplasmic vacuoles. Surprisingly, NS1 did not associate with mature virus particles, a finding that is inconsistent
with the postulated role for this protein in virion assembly and/or maturation. However, dual-labeling experiments did reveal
in both the confocal immunofluorescence and cryo-immuno EM studies the colocalization of NS1 with the viral dsRNA
replicative form. Furthermore, localization of the dsRNA to the vesicle packets and cytoplasmic vacuoles seen in infected
Vero and C6/36 cells, respectively, suggests that these structures may comprise the flavivirus replication complex. These
findings provide further insights into the maturation pathway of NS1 and suggest a possible role for this protein in viral
RNA replication. q 1996 Academic Press, Inc.
The family Flaviviridae consists of 68 closely related arrays, and convoluted membranes and that these frac-
tions also contained RNA-dependent-RNA-polymerasemembers, many of which are associated with human and
animal disease (37). The Flavivirus species contain a (RDRP) activity. Protein profiles of these fractions iden-
tified the presence of NS5, NS3, NS2a, NS2b, and NS4a,single positive-strand RNA genome of approximately 11
kilobases, which encodes 3 structural and 7 nonstructu- proteins previously assumed to be involved in the repli-
cation of the viral RNA (30). A protein migrating with aral proteins in the gene order 5* C-prM-E-NS1-NS2a-
NS2b-NS3-NS4a-NS4b-NS5 3* (30). size similar to that of NS1 was also observed; however,
this protein may represent a truncated form of NS3, asFlavivirus replication is thought to occur in associ-
ation with cytoplasmic membranes of infected cells identified by Pugachev et al. (29).
NS1 has been identified on the plasma membrane(3) and the RNA polymerase itself is also membrane
bound (13). Ng et al. (27) have identified the likely of the infected cell both by ultracentrifugation (35) and
immunocytochemical studies (5, 11, 12, 38, 25), as wellcellular location of RNA replication using antibodies to
poly(I).poly(C) in an indirect immunofluorescence study. as within the perinuclear region and as cytoplasmic foci
in immunofluorescence studies (38, 25). Westaway andThey showed intense staining in the perinuclear region
and some cells also showed intense foci or vesicular Goodman (38) also showed that this localization was
dissimilar to that of the envelope glycoprotein, E. Usingstaining in the cytoplasm. This staining pattern seemed
to partly correlate with grossly rearranged rough endo- immunogold staining techniques, Ng and Corner (25) de-
tected NS1 in clumps on the plasma membrane andplasmic reticulum (RER) (27). Chu and Westaway
(8) confirmed this association by subcellular fraction- distributed diffusely through the cytoplasm, a distribution
similar to that of NS3.ation experiments and were able to show that sedi-
mentable virus-induced membranes were enriched in While previous localization studies on NS1 have not re-
vealed any conclusive function for this protein, biochemicalRER, smooth membraneous structures, paracrystalline
analyses have indicated a possible involvement in virus
maturation. Lee et al. (15) and Mason (21) both demon-1 To whom correspondence and reprint requests should be ad-
strated that there is a delay in secretion of NS1 of arounddressed at Sir Albert Sakzewski Virus Research Centre, Royal Chil-
45 min and they suggested that this delay may be due todren’s Hospital, Herston Road, Brisbane, Australia, 4029. Fax: (617)
3253 1401. E-mail: p.young@mailbox.uq.oz.au. an association with E or the virion itself, as it assembles
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or passes through the endoplasmic reticulum (ER) and se- sections this labeling was extremely dense. These vesi-
cle packets were frequently seen in association withcretory pathway. Both groups were able to show that NS1
and E were secreted simultaneously from the infected cell. smooth membrane vesicles (SMV); however, no NS1 la-
bel was seen within the latter.The possibility that this delay may simply be due to dimer
formation has also been suggested (40). Infected C6/36 cells on the other hand, contained numer-
ous vesicle packets, membrane arrays, and large virus-in-In order to address some of these issues we applied
the techniques of ultrathin-cryomicrotomy (36) and immu- duced vacuoles (19). The distribution of NS1 was confined
mainly to the large virus-induced vacuoles (Va) and, in partic-nogold-labeling (10, 33) to further investigate the localiza-
tion of NS1 within dengue virus-infected cells. Dengue ular, was seen to line the inside of these structures (Figs.
2a and 2b). Consistent with the hydrophobic character ofvirus-infected Vero and C6/36 cells were harvested at
30– 48 hr postinfection (p.i.), fixed for 60 min on ice in NS1 (39), the anti-NS1 label localized to membrane frag-
ments within the vacuoles. Although these vacuoles did not2% paraformaldehyde/0.2% glutaraldehyde, embedded in
10% gelatin, and immersed in a cryo-protection buffer. appear to associate with virions they were occasionally lo-
calized adjacent to vesicle packets and SMV (data notUltrathin cryosections (50– 70 nm) were cut with a dia-
mond knife and collected in a 3:7 mixture of 2% aqueous shown). Figure 2c also shows the NS1 glycoprotein within
what appears to be the golgi cisterna, indicating that thismethylcellulose: 2.3 M aqueous sucrose or 2.3 M aque-
ous sucrose alone, onto formvar or formvar/carbon- organelle is likely involved in the maturation of NS1 in this
cell type. The expanded cisterna of the golgi seen in thiscoated copper grids. The polyclonal antisera used in these
studies comprised rabbit anti-NS1 and guinea-pig anti- micrograph probably represents an artifact produced when
the sections were transferred from the knife to the grid indsRNA and were prepared by multiple immuniza-tions with
immuno-affinity purified NS1 and poly(I).poly(C), respec- 2.3 M sucrose alone (18). Mock-infected control cells did not
contain any of the virus-induced structures or anti-NS1 labeltively. These were used diluted 1:200 in 1% BSA/PBS and
incubated on the grids for 30 min at room temperature. (Fig. 3). However, figure 3a does contain vesicular structures
that resemble ER transport vesicles (discussed below).Protein A gold (Batch 9401, Utrecht University, Nether-
lands) or species-specific IgG conjugated to gold (Bio- As we were unable to immuno-label E with either
monoclonal or polyclonal antibodies in the cryo-immunocell, UK) were diluted 1:40 in 1% BSA/PBS and incubated
on the grids for 30 min at room temperature. After a electron microscopy studies, we examined the localiza-
tion of E and NS1 by double-label immunofluorescencesecondary fixation with 1% glutaraldehyde, the grids were
contrasted with 1.8% methylcellulose (25 centipose)/0.4% and confocal microscopy. Vero cell monolayers were es-
tablished in tissue culture chamber slides and eitheruranyl acetate on ice for 5 min and protected from the
light. For double-labeling protocols, sections were la- mock infected or infected with dengue virus at a m.o.i.
of 1 and incubated at 377. Twenty four hours p.i. thebeled with the first antiserum using the method de-
scribed above. After five buffer washes, sections were media was removed and the cells were washed for 10
min in PBS/0.1% BSA and then fixed with 3% formalde-quenched with 1% glutaraldehyde in PBS and then immu-
nolabeled with the second primary serum utilizing gold hyde in PBS for 15 min. All steps were performed at room
temperature. After washing in PBS/0.1 M glycine for aparticles of different sizes (10, 33). Mock-infected and
infected cells were probed with each antiserum or with further 5 min, the cells were permeabilized by incubation
for 15 min in PBS containing 0.05% Tween 20. The pri-the gold-conjugated probe only to ensure there was no
nonspecific binding of the antisera or there were no mary antibodies (rabbit polyclonal anti-NS1, guinea-pig
anti-dsRNA, and the mouse monoclonal anti-E, 4G2)cross-reactions with the gold-conjugated probes.
The two cell types analyzed (C6/36 and Vero) were were diluted 1:100 in PBS/BSA and added to the cells
for 60 min. The cells were then washed twice with PBS/observed to have different distributions of NS1. First, vi-
rus-induced structures within infected Vero cells con- BSA for 5 min followed by incubation with FITC- or Texas
Red-conjugated goat anti-rabbit (1:80), sheep anti-mousesisted of vesicles, smooth membrane structures, and
packets of vesicles, many of which contained virion (1:40), or donkey anti-guinea pig (1:30) IgG for 30 min.
The cells were washed twice for 10 min with PBS/BSAarrays (19). Although NS1 was shown to be associated
with these virus-containing vesicles (Figs. 1a and 1b), and the procedure was repeated for the second label
with the chambers being removed following the finalthe anti-NS1 label was seldom located within these
structures. This localization is not consistent with a pro- wash. Coverslips were overlaid after mounting the fixed
and stained cells in 90% glycerol/10% PBS containing 4%posed role for NS1 in virion assembly or maturation, al-
though an association with virion components cannot be triethylene diamine as quenching agent and then exam-
ined using a Bio-Rad MRC-600 confocal laser scanningexcluded as our antibody preparations (both monoclonal
and polyclonal) were unable to detect E in these cryosec- microscope.
The E and NS1 labels were found in general to localizetions. In addition, NS1 was also localized to virus-in-
duced packets of vesicles (Figs. 1c and 1d) and in some to similar areas of the infected cell (Figs. 4g and 4h,
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FIG. 1. Immunolocalization of NS1 within D2NG-C virus-infected Vero cells. (a, b) Distinctive morphology consisting of vesicle packets (VP) and
virion clusters (Vi) contained within membrane vacuoles. The anti-NS1 antisera consistently labels the vesicle packets. (c, d) Dense labeling of the
vesicle packets. (d) Association of the small membrane vesicles (SMV) with the vesicle packets, although no anti-NS1 label is localized within the
SMV (M, mitochondria; N, nucleus; arrowheads indicate virus particles). Bars represent 200 nm and gold particles are 15 nm in diameter.
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FIG. 2. Ultrathin cryosections of D2NG-C virus-infected C6/36 cells immunolabeled with anti-NS1 antisera (15-nm gold particles). (a, b) Characteristic
virus-induced vacuoles (Va) present in the infected cytoplasm. NS1 is intimately associated with the lumenal face of these vacuoles and membrane
fragments within. Smaller vesicles are also found adjacent (N, nucleus). (c) A golgi apparatus labeled with anti-NS1 antisera (G, golgi). Bars represent
100 nm.
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FIG. 3. Mock-infected Vero and C6/36 cells probed with anti-NS1 antisera. (a) Mock-infected Vero cells containing no virus-induced structures,
but including some vesicles resembling SMV which may represent ER transport vesicles. (b) Mock-infected C6/36 cells revealing a golgi body
containing no nonspecific anti-NS1 label (G, golgi). Bars represent 200 nm.
respectively). This is not surprising given that both are dsRNA probes (Fig. 4c). For both of these antibodies,
very clear perinuclear and cytoplasmic foci were seen.glycosylated proteins that are synthesized in and un-
dergo maturation through the secretory pathway. How- During the replication of flaviviruses, several RNA spe-
cies are produced. These include the 44S genomic RNA,ever, as found by Westaway and Goodman (38) the fine
detail of this localization was dissimilar with clear distinc- a 20-28S replicative intermediate and a 20-22S double-
stranded (ds) replicative form (7). It has been shown pre-tions seen when the confocal images were over-lapped
(Fig. 4i). As observed by others (38, 25), the NS1 staining viously that the dsRNA form can be identified by immuno-
fluorescence (27) with the location shown to be perinu-primarily comprised perinuclear and cytoplasmic foci
(Figs. 4b and 4h) with labeling of E appearing as diffuse clear with an extended fine network which involved small
foci or vesicles.cytoplasmic staining as well as scattered aggregates
(arrowed in Figs. 4f and 4i). The latter may represent In the present study we also used the anti-dsRNA
probe (17) to localize this species by cryo-immuno elec-accumulations of virions as seen in Figs. 1a and 1b.
Similarly, when dual-labeling experiments were carried tron microscopy to organelles within the infected cell. In
both cell types the dsRNA label was found to associateout with the anti-E mab and polyclonal anti-dsRNA serum,
despite the labels highlighting similar areas within the with membrane structures, in particular with vesicle
packets in infected Vero cells (Fig. 5b) but not withininfected cell (possibly reflecting active areas of viral repli-
cation and virion maturation) the detail revealed by confo- the adjacent SMV. This is somewhat surprising as the
previous findings of a tight association of SMV with sub-cal imaging suggested limited colocalisation (Fig. 4f). In
striking contrast to these observations, almost complete cellular membrane fractions containing RDRP activity (8)
suggested a role for the SMV in viral RNA replication.coincidence was seen between the anti-NS1 and anti-
FIG. 4. Immunofluorescence and confocal microscopy of D2NG-C virus-infected Vero cells dual labeled with (a) guinea-pig anti-dsRNA and (b)
rabbit anti-NS1; or (d) mouse monoclonal antibody against E and (e) guinea-pig anti-dsRNA; or (g) mab anti-E and (h) rabbit anti-NS1. The paired
images are over-lapped in (c) dsRNA-NS1, (f) dsRNA-E, and (i) E-NS1. Arrows in (f) and (i) point to infected cells demonstrating foci of labeled E,
possibly reflecting virion aggregates, while the arrowhead in (i) highlights distinct anti-NS1 and anti-E labeling. The fluorescent probes used were
FITC-conjugated anti-guinea pig IgG (a) and anti-mouse IgG (d) and (g); or Texas Red-conjugated anti-guinea pig IgG (e) and anti-rabbit IgG (b)
and (h). All images are at the same magnification and the bar in (i) represents 25 mm.
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FIG. 5. D2NG-C virus-infected Vero and C6/36 cells labeled with anti-NS1 and anti-dsRNA antisera. (a) Infected Vero cell probed with anti-dsRNA
antibodies alone (5-nm gold particles). The dsRNA label is confined to the large vacuole and does not localize to the adjacent SMV. (M, mitochondria;
N, nucleus; arrowheads indicate accumulations of gold particles). (b) Double-labeling of infected Vero cell. Both the anti-NS1 (10 nm) and the anti-
dsRNA (15 nm) label localize to the vesicle packets. No label is observed within the adjacent SMV. (c) Double-labeling of infected C6/36 cells. In
this case the anti-NS1 (15 nm) and the anti-dsRNA (5 nm) labels localize to the virus-induced vacuoles. Bars represent 200 nm.
AID VY 7917 / 6a16$$7917 05-07-96 13:09:42 viras AP: Virology
239SHORT COMMUNICATION
Similar vesicle structures thought to comprise replication attached to the carboxy-terminus of NS1 (Mackenzie and
Young, submitted for publication) similar to the involve-complexes have been observed in cells infected with
poliovirus (2), Semliki Forest virus (SFV) (28), rubella virus ment of phospholipid membranes in plus strand RNA
synthesis during poliovirus replication (14). In agreement(16, 17), and tombusviruses (31, 32, 20). These observa-
tions suggest a common replication strategy may be em- with these studies are observations by Muylaert et al.
(23) who analyzed the possible functions of NS1 by con-ployed by all positive-strand RNA viruses. Anti-dsRNA
labeling was also seen within cytoplasmic vacuoles in structing lysine/arginine to alanine mutants in NS1 en-
coded by a yellow fever virus infectious clone. Theseboth infected Vero and C6/36 cells (Figs. 5a and 5c,
respectively). Interestingly, the location of the dsRNA la- mutants were reported to be impaired for RNA accumula-
tion (23). It is also possible that NS1 may perform abel was frequently found near mitochondria (Fig. 5a), a
phenomenon observed during poliovirus (6) and rubella similar function to the poliovirus 2C protein (1), which
apparently interacts with the replication complex by di-virus replication (Dr. Scott Bowden, personal communi-
cation) and which may reflect a requirement for high recting it to the membrane. Further experiments to deter-
mine the interaction between NS1 and the replicationlevels of ATP.
Given the colocalisation of the NS1 and dsRNA probes complex and/or its components are currently under in-
vestigation.in the immunofluorescence studies (Fig. 4c) it was of
interest to dual-label cryosections of virus-infected cells
to confirm this apparent association. As can be seen,
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